ABSTRACT The rat neuroblastoma B104 cell line, which originated in the central nervous system, was able to proliferate in the absence of serum in synthetic medium supplemented with insulin, transferrin, progesterone, selenium, and putrescine. When added individually, each supplement had little or no effect; however, in combination there was a marked synergistic effect on cell number. The cells attained the same saturation density in this medium as in medium with 10% fetal calf serum added. More extensive process formation was observed in the supplemented medium, and other differentiated properties were retained as well. Synthetic media generally require serum supplementation to support the proliferation or survival of cultured cells. The inclusion of serum, however, may significantly affect experimental reproducibility, because batch variations occur as a result of differences in donor age, sex, nutrition, and physiological state even in pooled serum samples. In addition, the complex undefined nature of serum is a complication when assessing the effect(s) of regulatory agents, such as hormones or neurotransmitters, on differentiated properties of nervous system cells in culture. This is particularly important for long-term studies, because if serum is deleted a substantial reduction of cell numbers, and in many cases complete cell death, may occur within hours or a few days.
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In order to circumvent these problems, several cell lines have been adapted to proliferate in serum-free media (1) (2) (3) (4) (5) (6) (7) (8) .
The B104 rat neuroblastoma, a cell line of central nervous system origin, exhibits many of the properties characteristic of differentiated neurons, such as generation of action potentials, synthesis of neurotransmitters, and presence of neurotransmitter receptors and the neuron-specific 14-3-2 protein (9, 10). Furthermore, B104 cells, like C1300 neuroblastoma cells (11, 12) , respond to removal of serum by rapidly extending neurites, a phenomenon that has been correlated with the preceding neuronal properties (9) .
In this communication we report that B104 cells can proliferate in a serum-free synthetic medium supplemented with insulin, transferrin, progesterone, selenium, and putrescine (N2 medium). More extensive process formation is seen in N2 than in serum-supplemented medium, and other differentiated properties have been retained as well. 25 -cm2 surface area) in 4 ml of medium in a humidified atmosphere of 5% C02/95% air at 370C and subcultured every 4-6 days with a trypsin/EDTA solution (0.1%/0.9 mM in Ca2+-and Mg2+-free phosphate-buffered saline).
METHODS AND MATERIALS
Serum-Free Growth Medium (N2). This medium had the same constituents as above with the deletion of sera and the addition of the following: 5 ,g of insulin per ml, 100 ,ug of transferrin per ml, 20 (90% iron-free), progesterone, f3-estradiol, and putrescine dihydrochloride from Sigma; testosterone from Calbiochem; sodium selenite was a gift from R. Ham, University of Colorado, Boulder, CO. supplement concentration and cell number are shown in Fig.  2 and Table 2 . Selenium was cytotoxic at concentrations greater than 30 nM (Fig. 2) . Table 2 indicates that only 20 nM progesterone has a growth-stimulatory effect, while both testosterone and fl-estradiol are inhibitory from 0.2 to 200 nM. Hydrocortisone, within the same concentration range, had no effect on cell number under these experimental conditions (data not shown).
There is a striking difference in the morphology of B104 cells grown in N2 in comparison to serum-supplemented medium (Fig. 3) . In the presence of serum the cells are flat, usually bipolar, and relatively parallel in their alignment; whereas in N2 they are spindle-shaped, have extended neurites, and do not exhibit the fibroblastlike alignment seen in the presence of serum. The morphology in N2 more closely resembles that in serum-free medium. In addition to this morphological differentiation, B104 cells in N2 have action potentials and choline acetyltransferase activity comparable to those of their serumsupplemented counterparts (data not shown).
DISCUSSION
Rat neuroblastoma cells of central nervous system origin can proliferate in the absence of serum if synthetic medium is supplemented with insulin, transferrin, progesterone, selenium, and putrescine. The growth requirements have been determined in a similar manner for other cell lines, and apparently there are unique sets of requirements for maximal growth of specific cell types (5) (6) (7) (8) . Common constituents for these cell lines are insulin and transferrin, although the optimal concentrations may differ.
With the exception of insulin, the other constituents of N2 are within the effective physiological range. It is possible that in cysteine-containing medium the reduction of disulfide bonds may inactivate insulin's growth-promoting activity and necessitate the use of supraphysiological concentrations to attain maximal cell numbers. Alternatively, a trace contaminant may be involved. The growth-promoting properties of this low molecular weight polypeptide hormone in a wide variety of cultured cells are well known (13, 14) . Insulin receptors are widely, though unevenly, distributed in the rat central nervous system (15) . The role of insulin in modifying glucose metabolism of central nervous system cells is still uncertain; however, glucose uptake in rat brain slices is enhanced by insulin (16) .
The present experiments do not deal with the role, if any, of glucose transport in cell proliferation. With regard to cell shape, morphological changes in fibroblasts have been reported when insulin is added to medium containing 0.8% serum (17) . A criss-cross pattern rather than parallel alignment is observed, as in the present case (Fig. 3) .
Transferrin is a l,8 globulin with a molecular weight of 86,000 and is the major iron transport protein in the blood (18) . Transferrin is required to sustain cell division in 3T6, V79, and hemopoietic cells (19) (20) (21) . We find that one of the most strin- gent requirements is for transferrin, because its deletion from N2 results in a large decrease in growth potential of B104 cells (see Fig. 2 (22, 23) . We report here a growth-stimulatory effect for this steroid hormone, which has also been shown in another neuroepithelium-derived cell line, the M2R mouse melanoma (24) . In M2R cells. however, testosterone also stimulated cell division, which does not occur in the B104 line.
The element selenium is an essential nutrient for many different animal and bacterial species and has antioxidant properties as well (21, 25, 26) . Brain contains low levels of selenium compared to other tissues, such as kidney or liver (27) . We have demonstrated in this serum-free study both a growth-stimulatory property of selenium and its well-known toxicity at higher concentrations (25) .
The diamine putrescine is a nonprotein nitrogenous base and the precursor for the polyamines spermidine and spermine. Putrescine has been associated with proliferation in a number of microorganisms and mammalian cell lines (28) (29) (30) . Removal of serum results in a rapid decrease in the rate of putrescine transport into human fibroblasts, while insulin in low serum medium accelerates putrescine transport (31) . A concentration-dependent diamine uptake system that is independent of sodium has been demonstrated in mouse brain slices (32) . Also, there is a developmental correlation, because the concentration of putrescine is about 50-fold higher in fetal as compared to adult rat brain (33) , which is to be expected due to the high percentage of dividing cells in fetal tissues. Our present finding of a growth-stimulatory property for putrescine in neuroblastoma cells is consistent with these data. We suggest that putrescine is replacing a hormone whose mechanism of action involves the polyamines.
The morphological changes observed in N2 (Fig. 3C ) may be the result of deletion of an inhibitory factor present in serum that blocks neurite extension, perhaps via an alteration in the cytoskeleton or the cell-substrate interaction. It is clear that cell division is uncoupled from neurite extension, as was demonstrated for C1300 neuroblastoma cells (12) . We have also tested growth of various subelones of the C1300 mouse neuroblastoma (34) , of peripheral nervous system origin, and the PC12 rat pheochromocytoma (35) investigation of processes such as the development of electrical excitability, neurotransmitter synthesis, and synaptogenesis will benefit greatly from the use of this well-defined medium.
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